Many nonglutamatergic synaptic terminals in the mammalian brain contain the vesicular glutamate transporter 3 (VGLUT3), indicating that they co-release the excitatory neurotransmitter glutamate. However, the functional role of glutamate co-transmission at these synapses is poorly understood. In the auditory system, VGLUT3 expression and glutamate co-transmission are prominent in a developing GABA/glycinergic sound-localization pathway. We found that mice with a genetic deletion of Vglut3 (also known as Slc17a8) had disrupted glutamate co-transmission and severe impairment in the refinement of this inhibitory pathway. Specifically, loss of glutamate co-transmission disrupted synaptic silencing and the strengthening of GABA/glycinergic connections that normally occur with maturation. Functional mapping studies further revealed that these deficits markedly degraded the precision of tonotopy in this inhibitory auditory pathway. These results indicate that glutamate co-transmission is crucial for the synaptic reorganization and topographic specification of a developing inhibitory circuit.
a r t I C l e S Elimination of inappropriate neuronal connections and strengthening of appropriate ones are major steps in the development of precisely organized neuronal circuits. Both excitatory and inhibitory circuits undergo this synaptic reorganization, but, in contrast to those of excitatory circuits, the mechanisms mediating refinement of inhibitory circuits are poorly understood. The events that occur during the reorganization of inhibitory circuits have been well characterized in the developing lateral superior olive (LSO), a nucleus of the primary sound-localization system in the mammalian brainstem. Neurons in the LSO encode interaural sound level differences by integrating excitatory, glutamatergic inputs from the cochlear nucleus with inhibitory, glycinergic inputs from medial nucleus of the trapezoid body (MNTB) 1 . Both pathways are tonotopically organized and converge in the LSO in a tonotopically aligned manner, an organization that enables LSO neurons to extract interaural level differences in a frequency-specific manner.
The precise organization of inhibitory inputs to the mature LSO emerges gradually during development by processes that include synaptic silencing and strengthening, followed by axonal and dendritic pruning. Synaptic silencing and strengthening occur primarily before hearing onset (in rats and mice at the end of second postnatal week) 2 , the period when individual MNTB terminals in the LSO not only release the two inhibitory neurotransmitters glycine and GABA 3, 4 , but also express VGLUT3 and release glutamate 5 . Release of glutamate from MNTB terminals activates both AMPA and NMDA receptors on postsynaptic LSO neurons 5 . However, the functional role of this glutamate co-transmission is unknown.
Accumulating evidence suggests that a variety of neurons that are classically considered to be nonglutamatergic are able to co-release glutamate. Although direct physiological evidence for glutamate co-transmission at these synapses is still rare outside the LSO 6-8 , a growing line of anatomical studies have found that discrete classes of GABAergic, cholinergic and serotonergic neurons in several brain regions express VGLUT3, suggesting that these neurons also release glutamate [9] [10] [11] [12] [13] [14] [15] [16] . However, despite the widespread expression of VGLUT3 by nonglutamatergic neurons, the biological importance of glutamate co-transmission at these synapses has remained largely obscure 17 .
To shed light on the functional role of glutamate co-transmission in the assembly of an inhibitory circuit, we investigated the refinement of the MNTB-LSO pathway in mice in which Vglut3 (also known as Slc17a8) has been genetically deleted (Vglut3 −/− mice) 18 . We found that disruption of glutamate co-transmission interfered with developmental synapse elimination and impaired the strengthening of maintained connections. This resulted in a severe degradation of the tonotopic organization of the MNTB-LSO pathway and a disruption of the excitation/inhibition balance in the LSO. The findings reveal a previously unknown role for VGLUT3 and glutamate co-transmission in the developmental organization of an inhibitory pathway. a r t I C l e S In wild-type Vglut3 +/+ mice, specific antagonists to GABA A receptors (10 µM SR95531) and glycine receptors (1 µM strychnine) reduced MNTB-elicited responses by 81% (from 1,058 ± 126 to 166 ± 37 pA, postnatal day 4-6 (P4-6), n = 10). The residual synaptic currents were abolished by the ionotropic glutamate receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 µM) and d(−)-2amino-5-phosphonovaleric acid (AP5, 100 µM), indicating that they were mediated by glutamate. Therefore, similar to newborn rats 5 , glutamate release from MNTB-LSO synapses contributes to about 20% of the synaptic peak amplitudes.
In contrast, in Vglut3 −/− mice, GABA A /glycine receptor antagonists reduced MNTB-elicited responses by 96% (from 1,404 ± 218 to 61 ± 17 pA, P4-6, n = 13), which was significantly different from wildtype mice (P < 0.005, Student's t test). The small residual glutamatergic component that was present in some neurons may reflect the stimulation of a sparse projection from glutamatergic neurons in the contralateral cochlear nucleus 20 or may indicate some glutamate transport into synaptic vesicles by mechanisms other than VGLUT3. Together with previous anatomical data 5, 15 , our physiological results indicate that VGLUT3 is the primary vesicular glutamate transporter responsible for filling synaptic vesicles with glutamate in MNTB terminals.
Developmental strengthening of single MNTB-LSO connection
As a first step to test whether glutamate co-transmission is important for the normal development of MNTB-LSO connections, we investigated whether strengthening of MNTB-LSO connections, which in rats occurs before hearing onset during the first 2 postnatal weeks 2 , is impaired in Vglut3 −/− mice. The strength of single-fiber MNTB-LSO connections was determined in P1-2 and P9-12 mice using minimal stimulation techniques 2, 21 . In newborn mice (P1-2), we found no difference in the amplitude of single-fiber responses between Vglut3 +/+ and Vglut3 −/− mice (P > 0.3, Student's t test; Fig. 2 and Supplementary  Fig. 1) , indicating that the initial formation of MNTB-LSO connections occurs independent of glutamate co-release. In Vglut3 +/+ mice, the amplitudes of single-fiber responses increased more than eightfold during the following 10-12 postnatal days. In Vglut3 −/− mice, single-fiber responses became larger as well, but this increase was much smaller than in wild-type mice, accounting for only a twofold increase (P < 0.005, Student's t test; Fig. 2b,c) . The data thus indicate that the developmental strengthening of single-fiber MNTB-LSO connections depends on glutamatergic co-transmission.
The decreased strength of single MNTB-LSO fibers in Vglut3 −/− mice can be a function of a decrease in the probability of vesicle release, quantal amplitude or the number of functional release sites. To investigate changes in the probability of release, we determined the paired-pulse ratios of MNTB-LSO connections in Vglut3 +/+ and Vglut3 −/− mice (P9-11; Fig. 3a) . The paired-pulse ratio was 0.9 in both Vglut3 +/+ (n = 7 cells) and Vglut3 −/− mice (n = 5 cells, P > 0.8), arguing against a decreased probability of release as the underlying mechanism for the decreased strength of MNTB-LSO fibers in Vglut3 −/− mice. We next compared the quantal amplitudes of miniature events by stimulating MNTB-LSO fibers in the presence of extracellular Sr 2+ , a condition which promotes desynchronized vesicular release 22 . We observed a small, but significant, decrease in the amplitude of MNTB-evoked miniature currents in Vglut3 −/− mice (Vglut3 +/+ , 47.8 ± 3.3 pA, n = 8; Vglut3 −/− , 39.6 ± 2.3, n = 12; P < 0.05, decrease of 17%; Fig. 3b-d a r t I C l e S however, cannot fully account for the 50% reduction of the amplitude of single-fiber responses in Vglut3 −/− mice, suggesting that deficits in glutamate co-release also impair the developmental addition of new release sites formed by single MNTB-LSO fiber connections.
Elimination of MNTB-LSO connections in Vglut3 -/mice
Another hallmark of the pre-hearing refinement of the MNTB-LSO pathway is the functional silencing of most connections, which results in a decrease in the MNTB-LSO convergence ratio 2 . To determine whether glutamate co-transmission is important for synaptic silencing, we estimated the number of MNTB axons that converge on individual LSO neurons. To this end, we first compared the synaptic currents elicited by activation of all converging MNTB inputs (maximal responses). The maximal MNTB-LSO response amplitudes at P1-2 were 1.3 ± 0.2 nA in Vglut3 +/+ mice (n = 15 neurons) and 1.5 ± 0.2 nA in Vglut3 −/− mice (n = 17 neurons), which were statistically not different from each other (P > 0.4, Student's t test; Fig. 4 ). However, decay times in Vglut3 −/− mice were longer than in Vglut3 +/+ mice (Vglut3 +/+ , 45.2 ± 3.7 ms, n = 15; Vglut3 −/− , 85.5 ± 5.1 ms, n = 17; P < 0.01). Because the decay times and rise times at all other ages and stimulus conditions were not significantly different between Vglut3 +/+ and Vglut3 −/− mice, the longer decay times of maximal responses at P1-2 are difficult to explain, but may point to a higher density of extrasynaptic GABA and/or glycine receptors in Vglut3 −/− mice that are activated by spillover with strong synaptic activation. At P9-12, maximal MNTB-LSO response amplitudes were 4.3 ± 0.5 nA in Vglut3 +/+ mice (n = 36 neurons), but only 2.4 ± 0.2 nA in Vglut3 −/− mice (n = 44 neurons), a 42% difference (P < 0.001, Student's t test; Fig. 4c ). It is unlikely that the smaller amplitudes observed in Vglut3 −/− mice are a result of an increased variability of responses of individual fibers (desynchronization of responses resulting from different conduction velocities of MNTB axons) or that they result from more distal dendritic location of MNTB inputs, as rise times of responses were indistinguishable between Vglut3 +/+ and Vglut3 −/− mice. Thus, the smaller amplitudes in Vglut3 −/− mice are primarily attributable to a population of larger-amplitude fibers that is present in Vglut3 +/+ mice, but not Vglut3 −/− , mice and that gives rise to a second component in the distribution of peak amplitudes in wild-type mice (Fig. 4c) . The presence of a subpopulation of strong fibers in Vglut3 +/+ mice at hearing onset is reminiscent of the innervation pattern observed in rats at hearing onset 2 .
The ratio between maximal and single-fiber response amplitudes provides a lower estimate for the number of MNTB fibers converging on individual LSO neurons. At P1-2, the estimated MNTB-LSO convergence was 19:1 for Vglut3 +/+ mice and 18:1 for Vglut3 −/− mice, slightly smaller than the convergence for neonatal rats 2 . At P9-12, however, the estimated MNTB-LSO convergence was almost twice as high in Vglut3 −/− mice (13:1) as in Vglut3 +/+ mice (7:1). These results indicate that reorganization of the developing MNTB-LSO pathway via synaptic silencing and strengthening of maintained connections depends on the co-release of glutamate.
Topographic organization of the MNTB-LSO pathway
To investigate whether, and to what degree, impaired synapse elimination and strengthening in Vglut3 −/− mice affects the topographic organization and precision of the MNTB-LSO pathway, we mapped functional MNTB-LSO connectivity using focal photolysis of caged glutamate 23 (Fig. 5) . In newborn mice (P1-3), the fraction of the ; Fig. 5b) .
In Vglut3 +/+ mice, the size of MNTB input areas decreased by 50% over the next 10 d (15.6 ± 1.5% at P9-12, n = 13), indicating an increase in the precision of the topographic map. In contrast, there was only a slight and statistically nonsignificant decrease in input area by 15% in Vglut3 −/− mice (to 29.4 ± 1.6%, n = 15).
Thus, input maps at hearing onset in Vglut3 −/− mice were twice as large as inputs maps in Vglut3 +/+ mice (P < 0.0001, Student's t test). When measured along the medio-lateral axis, the tonotopic axis in the MNTB 24 , input maps in Vglut3 +/+ mice spanned across a 65% wider 'frequency range' than the maps in Vglut3 −/− mice, indicating a substantial degradation of the tonotopic organization.
MNTB and LSO neuron membrane properties are unaffected
Changes in the activity levels or in the properties of synaptic transmission can alter neuronal membrane excitability and sensitivity to neurotransmitters [25] [26] [27] . Because increased excitability or glutamate sensitivity of MNTB neurons could increase the measured size of MNTB-LSO maps, we determined the membrane properties of MNTB and LSO neurons and the spatial resolution of glutamate uncaging in the MNTB. Hyperpolarizing and depolarizing current injections into MNTB neurons (P9-11) produced membrane potential responses that were characteristic for this age 28, 29 . Notably, we detected no differences between Vglut3 +/+ and Vglut3 −/− mice with respect to input resistance (Vglut3 +/+ , 88.7 ± 3.1 MΩ, n = 8; Vglut3 −/− , 103.7 ± 7.4 MΩ, n = 11; P > 0.1) or current-voltage response curves (Fig. 6a,b) . Likewise, no differences were found in the membrane properties of LSO neurons between Vglut3 +/+ and Vglut3 −/− mice (P9-11; Supplementary Fig. 2) .
To test for potential changes in the spatial resolution of uncaging, we recorded from MNTB-neurons while uncaging glutamate in their vicinity to determine the spike-eliciting uncaging distance 2 (Fig. 6c) . In both Vglut3 +/+ (n = 8) and Vglut3 −/− mice (n = 11), action potentials could only be elicited when uncaging occurred at distances less than 25 µm from the MNTB cell body, a resolution similar to that observed in neonatal rats 2 . These results indicate that deficits in glutamate co-transmission have no effect on the development of basic membrane properties of MNTB or LSO neurons and that the larger MNTB-inputs areas that we measured in VGLUT3 −/− mice reflect a decrease in the precision of MNTB-LSO topography.
Impaired refinement in Vglut3 -/mice is input specific
In addition to receiving inhibitory inputs from the MNTB, the LSO is also the target of a tonotopically organized excitatory (glutamatergic) a r t I C l e S pathway from the ipsilateral cochlear nucleus. These converging inhibitory and excitatory inputs are already tonotopically aligned at hearing onset 30 , suggesting that the alignment process occurs during the first 2 postnatal weeks. We therefore asked whether decreased synapse elimination and strengthening in the MNTB-LSO pathway of Vglut3 −/− affects the glutamatergic cochlear nucleus-LSO pathway. Because VGLUT3 expression is restricted to MNTB neurons in the auditory brainstem 5, 15 , genetic deletion of VGLUT3 is not expected to directly alter synaptic transmission in the cochlear nucleus-LSO pathway. Stimulation of cochlear nucleus axons in Vglut3 −/− mice produced normal glutamatergic responses in LSO neurons (Fig. 7) . Notably, we found no difference between Vglut3 −/− and Vglut3 +/+ mice with respect to the amplitudes of single-fiber or maximal responses (singlefiber responses: Vglut3 +/+ , 47 ± 6 pA, n = 7; Vglut3 −/− , 44 ± 6 pA, n = 12; P > 0.7, Student's t test; maximal responses: Vglut3 +/+ , 362 ± 99 pA, n = 8; Vglut3 −/− , 447 ± 82 pA, n = 15; P > 0.5, Student's t test). This indicates that the maturation of the cochlear nucleus-LSO pathway was not affected by impairments in the MNTB-LSO pathway. The impaired strength of GABA/glycinergic MNTB-LSO inputs in Vglut3 −/− mice in the face of normal-strength glutamatergic cochlear nucleus-LSO inputs resulted in a severe disturbance of the excitation-inhibition balance toward excitation in Vglut3 −/− mice.
Normal MNTB-LSO development in deaf otoferlin knockout mice
In the cochlea, VGLUT3 is expressed by inner hair cells (IHCs) and is necessary for loading synaptic vesicles with glutamate 18 . Vglut3 −/− mice lack sound-evoked and spontaneous glutamate release from IHCs onto primary afferent fibers. This raises the possibility that the observed defects in MNTB-LSO refinement in Vglut3 −/− mice result from a lack of cochlear-generated activity that is generated before hearing onset 31, 32 . To address this possibility, we characterized the MNTB-LSO pathway in mice with a genetic deletion of Otoferlin (Otof −/− ), the proposed calcium sensor and vesicle-binding protein in hair cells 33, 34 .
Similar to Vglut3 −/− mice, Otof −/− mice lack glutamate release from hair cells [34] [35] [36] , but, in contrast with Vglut3 −/− mice, Otof −/− mice had normal glutamate co-transmission from MNTB terminals (Fig. 8a,b) . Heterozygote Otof +/− mice have normal hearing and no impairment in vesicle release from IHCs 35 and thus served as controls. We observed no differences in either single-fiber responses (Otof +/− , 406 ± 111 pA, n = 14; Otof −/− , 522 ± 124 pA, n = 19; P > 0.5, Student's t test) or maximal responses (Otof +/− , 5.2 ± 0.5 nA, n = 18; Otof −/− , 6.0 ± 0.7 nA, n = 26; P > 0.3, Student's t test) between Otof +/− and Otof -−/− mice ( Fig. 8c-e) . Similar results were also obtained in another Otoferlin mutant strain (pachanga mutant) in which Otoferlin has a point mutation at a different site in the C2 domain 37 (Supplementary Fig. 3) .
These results indicate that the impairments of the MNTB-LSO pathway in Vglut3 −/− mice are not the result of an absence of cochlear-generated spontaneous activity, but are caused by the disruption of glutamate co-transmission at GABA/glycinergic MNTB terminals.
DISCUSSION
Our results reveal an essential role of glutamate co-release in the developmental organization of an inhibitory circuit. Loss of glutamate co-transmission at GABA/glycinergic synapses in the auditory MNTB-LSO pathway impaired synapse elimination and strengthening of maintained connections, the two major processes that underlie topographic refinement before hearing onset. Mapping studies revealed a substantial degradation of the tonotopic organization of the MNTB-LSO pathway in Vglut3 −/− mice at the time of hearing onset. Finally, our results indicate that the role of glutamate co-release in inhibitory circuit development is specific to circuit refinement rather than initial circuit formation. Innervation of the LSO occurs during late embryonic ages 19, 38, 39 and appears to be independent of glutamate co-transmission, as the strength, synaptic properties and topographic organization of the MNTB-LSO pathway in newborn animals were indistinguishable between Vglut3 +/+ and Vglut3 −/− mice. Currently, it is unknown whether the impairment in topographic precision that are present at hearing onset are permanent or can be corrected or compensated by sound-evoked patterned activity. Because Vglut3 −/− mice are deaf 18 , addressing this question will require MNTB-specific deletion of VGLUT3.
In the auditory system, VGLUT3 is not only expressed in MNTB neurons, but is also expressed in IHCs, the primary sensory cells in the cochlea. Because VGLUT3 is the only vesicular glutamate transporter in IHCs, genetic deletion of VGLUT3 in mice leads to deafness 18 and, in humans, a point mutation in SLC17A8, the gene encoding VGLUT3, underlies progressive nonsyndromic deafness 18, 40 . Although our experiments were performed on mice before hearing onset and were therefore not affected by the deafness that is typical of Vglut3 −/− mice, a r t I C l e S disruption of glutamate release from IHCs is also expected to affect spontaneous cochlear activity, which is present before hearing onset 32, 41 and involves glutamate transmission from IHC to spiral ganglion cell dendrites 31 . Cochlear-generated spontaneous activity patterns are propagated along the auditory nerve and central auditory pathways and are thought to guide the synaptic refinement of central auditory connections before hearing onset 26, 31, 42, 43 . One could therefore argue that disrupted cochlear-generated activity, rather than disrupted glutamate co-transmission at MNTB-LSO synapses, underlies the impairments in the MNTB-LSO refinement that we observed in Vglut3 −/− mice. If this argument holds true, then one would expect that Otof −/− and pachanga mice, both of which lack glutamate release from IHCs [34] [35] [36] , would show similar deficits in MNTB-LSO refinement as Vglut3 −/− mice. This was not the case, however, as functional connectivity of the MNTB-LSO pathways in Otof −/− and pachanga mice were indistinguishable from control mice. Therefore, loss of glutamate co-transmission at MNTB-LSO synapses, rather than loss of glutamate release from IHCs, is responsible for the impaired MNTB-LSO refinement in Vglut3 −/− mice.
Glutamate released from GABA/glycinergic MNTB terminals activates postsynaptic AMPA and NMDA receptors 5 , both of which can induce activity-dependent plasticity of GABAergic synapses 44 . At conventional, 'pure' GABAergic synapses, glutamate receptor-dependent plasticity is heterosynaptic, requiring correlated activity at glutamatergic synapses to activate glutamate receptors. At developing MNTB-LSO synapses, glutamate co-transmission may enable a monosynaptic form of glutamate-dependent plasticity before hearing onset, when activity in the afferent pathways to the LSO is driven primarily by spontaneously activity in both cochlea, which is not likely to be temporally correlated. Although the nature of this glutamate-dependent plasticity remains unknown, the excitatory action of glycine and GABA in the LSO during the first postnatal week 19 facilitates the activation of NMDARs, thereby providing a favorable scenario for the induction of NMDAR-dependent developmental plasticity [45] [46] [47] [48] .
In Vglut3 −/− mice, the decreased strength of GABA/glycinergic MNTB inputs was not compensated for by a decreased strength of glutamatergic inputs from the cochlear nucleus, creating a disruption of the excitation-inhibition balance in the LSO. The obvious lack of a homeostatic regulation in the LSO is in contrast with many other developing systems in which synaptic scaling mechanisms maintain a stable excitation-inhibition balance 27 . Perhaps homeostatic balancing of excitatory/inhibitory inputs occurs at later developmental stages in the LSO, when the pattern of activity of both inputs is temporally correlated and activity levels are determined by the actual sound levels at both ears. On the other hand, the increased excitation/inhibition ratio present in the LSO may reflect a more general inability of neuronal circuits to counterbalance decreased inhibition as a result of a loss of VGLUT3. In support of this idea, Vglut3 −/− mice have nonconvulsive electrographic seizures 18 that may result from an impaired development of inhibitory synaptic connections formed by VGLUT3-expressing GABAergic basket cells 10 . This supports the idea that glutamate co-transmission is not only critical for the refinement of the MNTB-LSO pathway, but is also involved in the developmental maturation of other VGLUT3-expressing synaptic connections.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
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